The physicochemical properties and the redox potential of two pyridinium compounds, a diquaternary salt of 4,4'-bipyridinium (BP) and one of 1,2-bis(4-pyridyl)ethane (BPE) were studied. Cyclic voltammetry on platinum electrode was used to evaluate the solvent influence on the redox properties of the pyridinium compounds. Electrochemical measurements were performed in aqueous media, ethanol and aprotic solvent. The solvent variation causes changes in the electro-oxidation processes of the heterogeneous electron transfer at the applied potential. The presence of the ethylenic group in the structure of BPE presents slightly different electrochemical behaviour compared to BP. The corroboration of the electrochemical data with absorption spectral results attests that it's more likely that the ECE sequence is responsible for the reduction mechanism of pyridinium compounds.
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Keywords: pyridinium compounds, cyclic voltammetry, solvent effect Pyridinium quaternar y compounds received a continuous attention over the last decades despite the fact that a great variety of these compounds have been already synthesized and characterized [1] [2] [3] [4] [5] [6] [7] [8] . This interest is based on their wide range of applications in different fields such as synthetic and catalytic chemistry, biotechnology, electrochemistry and material science [9] .
The 4, 4'-bipyridinium derivatives, also known as viologens, present interest due to their unique electrochromical properties. It was reported that some viologens molecules can accept reversibly at least four and up to ten electrons. They also present chemical stability after multiple electron transfers, confirmed by in situ UV-Vis spectroelectrochemical detection [10] .
Some of the pyridinium compounds exhibit antimicrobial and antiprotozoal activities and are used as antimicrobial agents in surgical applications, sanitizers and cosmetics [11] [12] [13] . Pyridinium salts are successfully used in corrosion inhibition, liquid-liquid extractions, polymerization, dye removal from waste water, dewatering of waste oil, textile processing as softeners or antistatic agents, flotation of minerals, as liquid electrolytes for lithium batteries, as phase transfer agents, catalyst, acylating agents and they are also effective as electron carriers and as model systems in photosynthesis. They present applications in pharmaceutical area being used in drug and gene delivery and as cardiovascular agents [13, 14] . The pyridinium quaternary salts are precursors for the synthesis of fluorescent indolizine compounds that exhibit valuable biological activity [14, 15] . Some of the pyridinium salts were found to be ionic liquids [6, 14] .
* email: rboscencu@yahoo.com Several other N-heterocyclic compounds have been reported in the literature and found to behave as efficient electron acceptors. These species share the nature of electron-poor p-systems but possess quite distinct physicochemical properties [16] . There is a range of the redox potentials values for viologens reported in literature [17, 18] and many of them confirm the biological applications. The synthesis and structures of some nitrogen containing heterocyclic compounds using a simple and efficient synthesis through N-alkylation of pyridinium substituted nucleus with reactive halides derivatives have been previously reported in the literature [14, 19, 20] . The stability of two unexplored quaternary pyridinium salts derived from 4, 4'-bipyridyl and 1, 2-bis(4-pyridyl)ethane was assessed by cyclic voltammetr y studies and spectrophotometric analysis. In aqueous media the salts present different colours depending on the pH [21] .
In this study, the same two pyridinium compounds were explored underlying their special properties and electrochemical performance in different solvents such as aq. solutions, alcoholic and aprotic solvent. To elucidate the redox mechanism of these compounds, the electrochemical response was evaluated by cyclic voltammetry and the electrochemical data were correlated using spectral analysis. The purpose of investigating these compounds is their further use in the synthesis of some Ln complexes and indolizine compounds.
Experimental part
The compounds synthesized were N,N' di-(pbromophenacyl)-4,4'-bipyridinium dibromide (BP) and N,N' di-(p-bromophenacyl)-1,2-bis(4-pyridinium)-ethane dibromide (BPE), as reported in the reference [7, 14] .
Stock solutions (0.1mM) were prepared for each compound using various solvents such as aqueous (using ultrapure water), ethanol (analytical grade) and dimethyl sulfoxide as aprotic solvent. The multiparameter equipment Consort C862 was used for the pH and conductivity measurements. The infrared spectra were collected using a Nicolet iS50 FT-IR spectrometer (Thermo Scientific) equipped with a built-in ATR accessory, DTGS detector and KBr beamsplitter. 32 scans were co-added over the range of 4000-400 cm -1 with a resolution ofm 4 cm -1 . Air was taken as reference for the background spectrum before each sample. Also, after each spectrum, the ATR plate was cleaned with ethanol solution. The FT-IR spectrometer was placed in a room with controlled temperature, 21°C. Spectrophotometric measurements were performed with T90 + spectrophotometer in 1cm cuvettes made of quartz.
The electrochemical behaviour of the organic compounds was examined by cyclic voltammetry. The voltammetric evaluation was performed using the Bio-Logic SAS SP 150 potentiostat-galvanostat with an electrochemical cell, at low-capacity (10 mL) with three electrodes: the working electrode (WE) -made of platinum, the reference electrode (RE )-saturated calomel electrode (E SCE = 0.242 V vs. ENH) and counter electrode (CE) -platinum wire. Electrochemical measurements were performed at E = ±1.0 V potential range at 20°C with a 100 mVs -1 and 50 mVs -1 scan rate, but most distinct voltammograms were observed at 100 mVs-1 scanning speed.
Results and discussions
Each compound was analyzed in three media. Ethanol solutions and aqueous media showed a slightly acidic pH (around 4.5) with no significant effect on the compounds and a good stability over time. The stability was observed even at an increasing pH (with 0.5 units) caused by the protonated forms of the compounds. In aprotic solvent (DMSO) the pH is in the alkaline range, for BP (pH 10.0) and BPE respectively (pH 9.6), with very good stability over time.
Conductibility and pH values in time are shown in table 1. The pyridinium compounds are poorly soluble in water and the conductivity in aqueous solutions and ethanol for both compounds is in the range of µS . cm -1 ; BPE indicates larger values than BP, with a slight decrease in time (from 10 to 13µS . cm -1 ) as an effect of the protonated/ deprotonated structures.
Both compounds in high polarity aprotic solvent (DMSO) are more dissociating and shown a conductivity in the range of mS.cm -1 (table 1). BPE indicates larger values than BP, with a moderate decrease in time from 0.15 to 0.21 mS.cm -1 . From physical-chemical data, it can be concluded that the average conductivity of the aprotic solutions is favourable for the electrochemical investigation.
Structural and Optical Properties
The synthesized and analyzed compounds are solid crystals with a distinct colour, BP (p.t. 320 0 C) is intensive yellow and BPE (p.t. 290-292 0 C) is dirty-white. There is a close relationship between the colour of these compounds and their structure. Characteristic structure of both compounds (from solid crystals) reveals their purity from the FT-IR spectra ( fig. 1 ) and data are according with the pure crystals previously reported [8, 14] .
The most evident characteristic bands are in the same range for the salts: 3040-3000 cm -1 (CH arom ), 1730-1722 cm -1 (C-O esther ), 1700-1670 cm -1 (C=O), 1640-1630 cm -1 (C=N), 1200 and 1100 cm -1 (C-O-C). In the case of BPE salt we notice the presence of characteristic bands around~990 cm -1 (C-C aliph ) and 2900-2880 cm -1 (CH aliph ) attributed to ethylene bridge.
The electronic absorption spectra of pyridinium compounds were performed in all solutions in various media. The key feature of the absorption spectra is that both compounds emit intensive broad absorption in UV at around 250 nm and this optical absorption band can be readily attributed to the heterocyclic nucleus [14] . Figure 2 shows the absorption spectra obtained by dissolving these compounds in aqueous media for two different concentrations (0.1 mM and 0.001mM). Analyzing the data it can be seen that the peak wavelengths tend to be shifted toward the long wavelength region, at 260 nm for BP and 250 nm for BPE. The molar absorption coefficient (ε) is a measurement of how strongly a substance absorbs light and for BPE (ε 250 of 5000 L· mol -1 ·cm -1 ) it's higher than for BP (ε 250 of 3000 L·mol -1 ·cm -1 ). The higher obtained value had shown the best absorbance. With larger conjugated systems, like BPE (with an extra ethylene group in structure) the absorption peak wavelength tends to be shifted toward the smaller wavelength (hypsochromic effect) and the absorption peaks tend to be higher compared with BP (hyperchromic effect). Figure 3 illustrates the electronic absorption spectra for BP and BPE in aprotic solvent (2) and aqueous medium (1) . It is noted that the aqueous solution presents a more visible peak for BP at λ=245 nm, and in aprotic solvent at λ=525 nm.
In DMSO, an aprotic solvent, BPE presents a little shift at λ=242 nm, which is not seen in aqueous medium and one shoulder appearing at wavelength λ between 390 nm and 410 nm.
Referring at BP in aprotic solvent, there is a slight modification in the UV-Vis spectra, for the solution kept at room temperature for three days. No change of absorption Table 1 EVALUATION OF pH AND CONDUCTIBILITY OF BOTH COMPOUNDS SOLUTIONS (0.1mM) and shifts of wavelength were observed in this condition, but the aq. solutions suggest small changes in the structure of compounds.
Meanwhile, BP and BPE compounds stability was confirmed by pH, conductibility and spectrophotometric measurements of the solutions stored at room temperature for three days.
Electrochemical Properties
Electrode processes are good tools in the redox processes studies help to obtain a better analyze of the organic compounds behaviour. In order to predict their performance and mechanisms, electrochemical techniques are used in many studies [18] . In specific condition the results still vary with the nature of the used electrodes and support electrolyte. To investigate the effects of the redox-active pyridinium compounds on their coordination chemistry and their electronic properties OCP and CV measurements were performed. The free redox potential (open circuit potential -OCP) and cyclic voltammetry (CV) measurements on platinum electrode were repeated three times to mark the significant changes that might appear in various media. There is a surprising range of redox potentials values for viologens (similar pyridinium compounds) depending on the nature of the anions, solvents, support electrolyte and the conditions of measurements [17, 18] . In aqueous and ethanol OCP and CVs data didn't show distinctive differences for the compounds. Both are highly soluble in organic solvents. It is essential to study the reversible potential using voltammetric measurements and compare it with water and ethanol media. In the case of BP compound the OCP is around 0.250 V (vs. E SCE ) in aqueous solutions with a slightly increase in time. In aprotic solvent OCP (vs. E SCE ) has a lower value around of 0.09 V and presents stability in time with moderate decreasing at 0.07 V after ten days ( fig. 4 ). BPE presents a similar behaviour with a difference of potential around 50 mV. In DMSO, a highly polar aprotic solvent, CVs indicate two peaks representing the first and second reduction of both compounds. A comparative study of CVs for the pyridinium salts in the DMSO as aprotic solvent is illustrated in figure 5. It appears that both salts present the electron transfer reactions forming two peaks. Although the peaks are at the same potential values for both compounds (cca 50 mV), the current peak anode Epa 2 (positive) is much higher for BP, from neutral (BP 0 ) to dication (BP 2+ ) radical than for BPE (∆Ip 2 =45 µA). This would explain a more intensive electron transfer and the existence of a conjugate transfer between both heterocyclic nuclei compared to BPE where it's missed due to the structures ethylene bridge. BP's CVs in aprotic solvent present an enhanced exchange of heterogeneous electrons. Electrochemical data indicate that the peak values of Epa 2 are in positive range suggesting an irreversible electron exchange. In the case of BPE an enhanced exchange of electrons is observed, less than for BP. This could be explained by the BP's rigid structure, in contrast to the BPE flexible one due to symmetry with an ethylene group [21] .
In aprotic solvent both BP and BPE compounds present adequate stability. The voltammograms of the solutions kept at room temperature for three days indicate the same lines as the original ones ( fig. 6 ). The salts present an enhanced electron exchange in aprotic solvent compared to the other two media. Cyclic voltammograms of these compounds in various media are shown in figure 7 .
The positive potential value Epa 2 finds no counterpart in the cathode range, which could be explained by the fact that electrons are irreversible exchanged in the salt's structure. This reveals that the cyclic voltammetric signatures of the compounds are reversible but actually both the oxidation and reduction are irreversible in nature as evidenced by the shift in peak potential at an increased scan rate, a value higher than 56 mV and ratio between the currents Ip a /Ip c # 1 [22] .
The both pyridinium quaternary compounds exist in three oxidation states (dication, monocation radical and neutral) and the reduction /oxidation mechanism proposed is:
In aqueous media, it is more possible that first step reduction of the BP (to monocation radical BP + ! ) is observed. This could happen due to the presence of hydroxyl groups (HO -) and hydronium (H 3 O + ) in the water that could block functional groups ( fig. 8a ). Anyway, in aq. solution the alkaline pH is more favourable for a second reduction step [21] . In aprotic solvent (strong alkaline) a large number of free dissociated ions is observed and the compounds fully reduction is more probable. The fist reduction step is reversible and cycled many times without side reaction ( fig. 5 and 6 ). The fully reduced step is less reversible and the compound is highly chemically stable in more alkaline solution. Pyridinium compounds in inert solvent are spontaneously reduced on platinum like neutral species. In DMSO oxidation peak increases with the number of cycles, suggesting that the transfer process on platinum electrode is conducting some limits electroactive structures ( fig. 8b ). The first peak Epa 1 is in the negative potential range and it is reversible. At least three electrons are exchanged in redox processes, in the first step Epa 1 (at -746 mV for BP and respectively at -690 mV for BPE) indicating a reversible process from dication step (V 2+ ) to monocation radical step (V +· ) The value ∆Ep/56.5 (from theory or / 59 in experimental), indicates an exchange of 2 electrons in BP and 1 electron in BPE, which is possible due to the unshared electrons from oxygen atoms, nitrogen and heterocyclic ring involvement. The intense anodic current Epa 2 is shifted to a more positive potential, to 886 mV for BP and to 761 mV for BPE without correspondence in the cathode potential, so it is an irreversible exchange. Electrochemical parameters in DMSO are summarized in table 2.
The electronic processing mechanism for BP as well for BPE in DMSO is done in two sections. The potentially negative electrode processes are reversible, the value Epa1 finds its counterpart in the EPC mechanism in Ep c (table 2) [22] . The difference between the anode and cathode potential indicates a deprotonating electron transfer and it can be an explanation of engaging also and a pair of electrons of the vicinal oxygen atom (-C=O) from the compounds structure.
Conclusions
The solvent effects of the pyridinium compounds in various media were evaluated by physicochemical and spectral analysis (FTIR and UV-Vis spectra) in order to obtain information on the nature of any solute-solvent interactions. pH values are in weak acid range in aqueous medium and ethanol and in alkaline range in aprotic solvent with a higher difference in conductivity, around 10 3 times in aprotic solvent. Structure characteristics and the electron transfer process of the compounds in aqueous solutions, ethanol and aprotic solvents were evaluated by OCP and CVs. In aprotic media it was possible to confirm a mechanism of reduction/ oxidation of the molecules structures. Pyridinium derivates were found to reduce in an irreversible, diffusion controlled at the surface of Pt to neutral step more evident than the reversible exchange between dication to monocation. These redox mechanistic pathways are expected to play a key role in understanding the necessary aspects of structure-activity relationships and exploring the hidden routes by which these compounds exert their biochemical actions.
